The effect of dose and energy on postannealing defect formation for high energy ͑mega-electron-volt͒ phosphorus implanted silicon has been studied using etch pit studies and transmission electron microscopy ͑TEM͒. Previous work has shown that after annealing there is a strong dependence of dislocation density threading to the surface on the implanted phosphorus dose and energy. A superlinear increase in threading dislocation density ͑TDD͒ with implant energy between 180 and 1500 keV is observed for a dose of 1ϫ10 14 cm Ϫ2 . In addition as a function of ion fluence, there is a maximum in the threading dislocation density at a dose of 1ϫ10 14 cm Ϫ2 followed by a rapid decrease in TDD. Both the superlinear increase in TDD with increasing energy and the rapid decrease with increasing dose have been further investigated by TEM. A TEM study of these higher doses revealed formation of a strong bimodal loop distribution with small loops averaging Ͻ1000 Å and large loops averaging around 1 m in size. Over the dose range of 1ϫ10 14 cm Ϫ2 to 5ϫ10 14 cm Ϫ2 , the superlinear decrease in TDD from 1ϫ10 6 cm Ϫ2 to Ͻ1ϫ10 4 cm Ϫ2 coincides with the superlinear increase in small dislocation loops from below 1ϫ10 6 cm Ϫ2 to above 1 ϫ10 10 cm Ϫ2 . It is suggested that the homogeneous nucleation theory can explain many of the results. However, the chemical presence of phosphorus appears to also play an important role in the formation of the small dislocation loops and possibly threading dislocations.
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I. INTRODUCTION
High energy ion implantation processes are becoming increasingly important in the manufacture of silicon based semiconductor devices. The manufacturing processes include formation of buried collectors in complementary metaloxide-semiconductors with bipolar ͑BiCMOS͒ devices 1 proximity gettering centers, 2 and profiled tubs or wells. 3 However, severe lattice defects can be generated in the region near the projected range (R P ) of the implanted impurities. 4 Etch pit densities, plan-view and cross-sectional transmission electron microscopy ͑TEM͒ studies of the silicon substrate have shown the existence of defects that originate at the projected range of the implant and extend all the way to the surface of the silicon substrate. [5] [6] [7] [8] These extended defects, which are known as ''threading dislocations,'' 5 appear to be responsible for high leakage currents in n ϩ /p and p ϩ /n junction diodes fabricated above high energy boron and phosphorus implanted layers. 3, 9 Therefore, a fundamental understanding of the physical phenomena that contribute to the formation of threading dislocations is essential prior to incorporating high energy ion implantation into the fabrication of silicon based semiconductor devices. The goal of this article is to show how competing extended defect formation mechanisms interact to affect threading dislocation formation.
II. EXPERIMENT
Extended defect formation was studied for a range of doses and high energy ͑mega-electron-volt͒ implant conditions followed by a low temperature anneal. Etch pit densities, plan-view and cross-sectional TEM were used to characterize the type, depth, and concentration of dislocations in the material. The implants were carried out in 7-m-thick lightly doped (1ϫ10 15 cm
Ϫ3
) p-type epitaxial silicon grown on ͑100͒ p ϩ silicon. Phosphorus implant energies were varied from 180 to 5000 keV, at various doses, ranging from 1ϫ10 13 to 5ϫ10 14 cm Ϫ2 . After implantation the samples were annealed at 800°C for 90 min followed by a 550°C anneal for 60 min and finally a 950°C anneal for 10 min, to emulate some of the thermal cycles of an advanced CMOS process. Etch pit samples were produced using a Schimmel etch consisting of a 2:14 9% HF:1 M CrO 3 solution. An etch of 20 s was used.
To examine the projected range defects both plan-view and cross-sectional TEM were done on the samples after annealing. The plan-view samples were prethinned ͑when necessary͒ using chemical mechanical touch polishing a͒ Electronic mail: rxtp20@email.sps.mot.com ͑CMP͒ with a silica slurry, to position the peak of the projected range damage approximately 3000-4000 Å below the surface. A high-resolution TEM operating at 200 kV was used to study the projected range defects in plan view. Micrographs were taken using bright field g 220 imaging conditions. These conditions allow one to observe defects as deep as 5000-10 000 Å deep. TEM of unimplanted control samples show that the CMP process does not introduce any observable defects. Figure 1 depicts the results from etch pit studies of the surface threading dislocation density ͑TDD͒ for varying energies of phosphorus implants. The background threading dislocation density of 5ϫ10 3 cm Ϫ2 was obtained by etching an unimplanted sample wafer. Two distinct effects are seen from the figure. First, there exists the effect of implant dose. For implant energies greater than 1500 keV, the surface threading dislocation density increases from near background density levels (ϳ5ϫ10 3 cm Ϫ2 ) for an implant dose of 1ϫ10 13 cm Ϫ2 to a maximum of ϳ2ϫ10 6 cm Ϫ2 for an implant dose of 1ϫ10 14 cm Ϫ2 . For implant doses greater than 1ϫ10 14 cm Ϫ2 the TDD levels start decreasing. Therefore, the TDD level appears to saturate at ϳ2ϫ10 6 cm Ϫ2 for an implant dose of 1ϫ10 14 cm Ϫ2 . The second effect is the effect of energy. The trend in TDD levels discussed earlier is seen only for implant energies greater than 1500 keV. For all the energies from 1500 to 5000 keV studied, the trends were remarkably similar with a near identical TDD saturation level of 2ϫ10 6 cm Ϫ2 achieved at an implant dose of 1 ϫ10 14 cm Ϫ2 . However, for implant energies less than 1500 keV no such clear trends are visible. In fact, for an implant energy of 180 keV the TDD level seems to remain near constant and below 1ϫ10 4 cm
III. RESULTS

Ϫ2
. To understand the decrease in TDD levels for phosphorus implant doses greater than 1ϫ10 14 cm Ϫ2 , a series of TEM studies was done. Four different implant energies ͑180 keV, 1.5, 2.5, and 5 MeV͒ and four different doses (5 ϫ10 13 , 1ϫ10 14 , 2ϫ10 14 , and 5ϫ10 14 cm Ϫ2 ͒ were chosen for this TEM study. Figure 2 shows the TEM results of the 1500 keV phosphorus implant at four different doses after annealing. Because of the use of a CMP process to thin the samples, the defects shown are those at the projected range of the implant. These micrographs are indicative of the evolution of defects for most of the high energy implants studied. The density of defects can be quantified by taking micrographs of several different regions and counting each image after printing. It is clear there is a rapid increase in the density of the defects upon annealing. Figure 3 shows a graph of the total dislocation loop density determined from TEM versus the implant dose. Cross-sectional TEM confirmed the defects were in a band around the projected range of the implants. For the implants at various energy levels ͑180, 1500, 2500, and 5000 keV͒, the total defect density increases from ϳ1ϫ10 7 cm Ϫ2 to ϳ1ϫ10 10 cm
. From Figs. 1 and 3, we can see that beyond an implant dose of 1 ϫ10 14 cm Ϫ2 there is an increase in the total defect density concentration, but there is a decrease in the TDD concentration. This implies that the surface threading dislocations may be evolving into another form of dislocation loop that does not thread to the surface. . The micrographs show the evolution of dislocations at various doses for a constant energy. Note the large increase in small dislocation loops with increasing dose. TEM micrographs were analyzed at different doses and energies to extract the average diameter of these dislocation loops. Figure 4 is a plot of the average diameter of the dislocation loops at various energy levels ͑180, 1500, 2500, and 5000 keV͒ for implant doses greater than 1ϫ10 14 cm
. This plot shows a superlinear decrease in the average loop diameter with an increasing implant dose. These results would support the hypothesis that the surface threading dislocations are evolving into smaller dislocation loops for implant doses greater than 1ϫ10 14 cm Ϫ2 . The size distribution behaves in a very unexpected fashion. With increasing dose rather than getting a simple decrease in the average diameter, the system actually develops a bimodal loop distribution. This can be seen in Fig. 5 for the 1500 keV phosphorus implanted samples as a function of dose. At low doses ͑the solid symbols͒ the only defects observed by TEM are the large loops. However, with increasing dose a high density of very small dislocation loops forms. In order to further analyze the effect of energy and dose on this bimodal distribution, the dislocation loops have been grouped into two different sizes, large loops ͑Ͼ1500 Å͒ and small loops ͑Ͻ1500 Å͒. The classification of large loops as being greater than 1500 Å and small loops being less than 1500 Å is arbitrary. However, there is a clear bimodal distribution in defect sizes and in general the small loops are on average about 500 Å in diameter and the large loops are on average around a micron in length. Figure 6 shows the density of large dislocation loops ͑Ͼ1500 Å͒ as a function of the phosphorus implant dose for different implant energies. For an implant energy of 180 keV, the density of large loops is ϳ1ϫ10 6 cm Ϫ2 , which is at the TEM detection limit. However, for the other implant energies studied, the large dislocation loop density increases from 5ϫ10 6 . These results show that there is a weaker dependence on dose for the formation of large dislocation loops and there is even a possible decrease in their density for higher doses. Figure 7 shows a graph of the density of small dislocation loops ͑Ͻ1500 Å͒ as a function of the phosphorus implant dose. For doses р1ϫ10 14 cm Ϫ2 the density of small dislocation loops is below the detection limit. However, the small dislocation loop density increases at least two to three orders of magnitude when the implant dose is simply doubled from 1ϫ10 14 to 2ϫ10 14 cm
. An additional one to two orders of magnitude increase is observed when the dose is increased from 2ϫ10 14 . This plot shows a linear decrease in the average loop diameter with an increase in the implanted dose. superlinear increase in the density of small dislocation loops with increasing dose. Figure 1 showed that the surface threading dislocation density reaches a maximum for an implant dose of 1ϫ10 14 cm Ϫ2 and then showed a superlinear decrease in density for doses between 1ϫ10 14 cm Ϫ2 and 5 ϫ10 14 cm Ϫ2 . This suggests there could be correlation between the formation of small dislocation loops and the decrease in threading dislocations.
IV. DISCUSSION
In order to explain the results observed in Figs. 1-7 it is important to examine what theories have been previously proposed to explain the correlation of threading dislocations on implant conditions. Cheng et al. 5 proposed a simple model for the decrease in threading dislocation with increasing dose above 1ϫ10 14 cm Ϫ2 . They proposed that as the dose increases the average size of the defect decreases and thus the threading dislocations no longer reach the surface. The primary source of interstitials for their model is the contribution from the implanted dose ͑so-called ''plus'' factor͒. 10 This model, which is in effect homogeneous nucleation theory, 11 offers the simplest approach to understanding the loop nucleation kinetics. It has been shown that excess interstitials in silicon will precipitate into extended defects called ͕311͖ defects. 12 It has also been shown that these ͕311͖ defects can transform into dislocation loops. 13 The shape of the large dislocation loops and their size are both consistent with the threading dislocations forming from the transformation ͑presumably unfaulting͒ of isolated large ͕311͖ defects. 5, 6, 14 Figure 3 shows that there is a clear superlinear increase in defect density with dose and that the average size of the defects does indeed decrease with increasing dose as observed in Fig. 4 . Thus, this model on the surface works for these results. One complicating factor is the observation in Fig. 1 , where the defect density behavior as a function of dose is very similar for implant energies between 1500 and 5000 keV. If the simple model is used then the plus concentration for these various energies is the same so one would expect the higher energy implants to have fewer threading dislocations simply because they are deeper. These results imply that the increase in defect depth with increasing implant energy must be off-set by the increase in defect size. This in turn means that there are fewer defects at higher energies which is possibly seen in Fig. 7 . Therefore, either the average size is larger or there are more interstitials available to make the defects larger and thus reach the surface. More interstitials could form because of Frenkel pair separation.
Frenkel pair separation is a well documented source of excess interstitial for higher energy implants into Si. It has been shown that for mega-electron-volt implants the separation can lead to an excess vacancy population near the surface and a higher interstitial population around the projected range of the implant. [15] [16] [17] Thus, the observation that there is a very weak energy dependence suggests a second source of interstitials above the simple plus one concentration may contribute. Additional low temperature experiments would need to be done to quantify the trapped interstitials in the ͕311͖ defects before this could be verified.
Another complication from the simple model arises because of bimodal loop distribution that is observed in Fig. 5 . This arises because of the saturation in large loops shown in Fig. 6 and the rapid increase in small loops in Fig. 7 with increasing dose. This bimodal distribution suggests a more complicated mechanism than simple homogeneous nucleation is involved. One possibility is that there are two mechanisms for loop formation. It has been shown 18 that transformation of ͕311͖ defects into dislocation loops, presumably through unfaulting, can account for a significant fraction of the dislocation loops that form upon annealing. However, it was also pointed out 18, 19 that many of the dislocation loops form prior to the observation of visible transformation from ͕311͖ defects. Thus, it is possible that the bimodal distribution observed arises because at low doses the mechanism involving transformation of ͕311͖ defects to loops dominates, whereas at higher doses a ''direct'' formation of loops without involving ͕311͖ defects dominates at some submicroscopic cluster regime. It is impossible at this time to rule out this alternative pathway because it is not possible to observe this possible submicroscopic transformation. A second possibility to explain the bimodal loop distribution is that the concentration of phosphorus is affecting the loop formation process. Keys et al. 20 has shown using phosphorus wells and Si ϩ implants, that with increasing phosphorus concentration there is a tendency to reduce the formation of ͕311͖ defects and increase the formation of small dislocation loops. More recently this effect was shown to track with the so called ''kink'' concentration in the phosphorus diffusion profiles. 20 This phosphorus was shown to start increasing the loop formation process at a phosphorus concentration approximately one order of magnitude below the kink concentration. For the first anneal in this study ͑800°C͒, the kink concentration is approximately 2 ϫ10 19 cm Ϫ2 .
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To further investigate this possibility the total dislocation loop concentration extracted from TEM micrographs was plotted versus the peak phosphorus concentration determined by secondary ion mass spectrometry for all the energies and doses in this study in Fig. 8 . The peak phosphorus concentration was used since these are nonamorphizing implants. This figure shows that the total dislocation loop concentration increases dramatically for phosphorus concentrations between 1ϫ10
18 cm Ϫ2 and 2ϫ10 19 cm Ϫ2 ͑approxi-mately an order of magnitude below the kink concentration͒. Thus, the concentration of phosphorus is in the correct range to be affecting the loop formation process. The mechanism by which phosphorus enhances loop formation is not yet understood but the effect is well documented. Without megaelectron-volt Si ϩ implants for comparison it cannot be conclusively stated that the phosphorus is affecting the loop distribution, however, the correlation in Fig. 8 suggests this mechanism may be significant. Further experiments with Si ϩ implants are in progress.
V. CONCLUSION
In conclusion, for high energy phosphorus implants there appears to be a direct correlation between the decrease in threading dislocation density with increasing dose and the increase in dislocation density at the projected range. The results show a weak energy dependence above a certain energy threshold. TEM studies reveal the formation of a bimodal dislocation loop distribution of small and large loops. These large loops start to appear at an implant dose of 5 ϫ10
13 cm Ϫ2 and increase in density from 5ϫ10 6 cm Ϫ2 to a maximum of 6ϫ10 7 cm Ϫ2 at a dose of 2ϫ10 14 cm
Ϫ2
. With further increases in the dose the density of large loops decrease gradually to 3ϫ10
7 cm Ϫ2 at a dose of 5 ϫ10 14 cm Ϫ2 . The small loops are below TEM detection limits until a dose of 2ϫ10 14 cm Ϫ2 when they appear at a density of ϳ5ϫ10 8 cm Ϫ2 . With increasing the dose the small loop density exhibits a superlinear increase in density to 1 ϫ10 10 cm Ϫ2 for a dose of 5ϫ10 14 cm Ϫ2 . The superlinear increase in the formation of small dislocation loops coincides with the superlinear decrease in threading dislocation density. It is suggested that understanding the energy, dose, and loop size distribution dependence of the threading dislocations requires understanding the sources of interstitials and the loop nucleation kinetics. The presence of phosphorus may play a significant role in the formation of dislocation loops and thus threading dislocations. FIG. 8 . The dependence of the dislocation loop concentration on the peak phosphorus concentration for all of the samples examined in this study. The strong correlation is consistent with phosphorus having a chemical species effect on loop nucleation.
